Abstract. Phenolic compounds can be considered as the most important bioactive compounds in Mediterranean diet. However, many of the complex connections between phenols antioxidant reactivity and their molecular structure remain unsolved. To shine light on these issues, the antioxidant reactivity of 15 relevant phenolic compounds was studied. Two different analytical approaches were combined: (a) the well-established 2,2-diphenyl-1-picrylhydrazyl (DPPH · ) stable free radical assay, and (b) the 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) fluorescent probe assay. The results obtained confirm how certain structural features (i.e., hydroxyl and methoxy groups, alkyl and alkenyl chains) play a critical role in the singular antioxidant response exhibited by each phenolic compound. This knowledge provides decisive information to select a specific phenolic compound as an antioxidant additive or for the chemical design of new antioxidants.
Introduction
Phenolic compounds are some of the most important bioactive compounds in human diet. Throughout the years, more than 8000 phenolic compounds have been identified within the following generic chemical groups: phenolic acids, phenolic alcohols, flavonoids, stilbenes and lignans. 1, 2 The present study will focus its effort on the most relevant phenolic compounds in olive oil and wine. 3, 4 These food products have shown countless benefits for human health, 4 and can be fairly considered to be essential ingredients of the Mediterranean diet.
Phenols are potent antioxidants (ArOH) due to their high ability to scavenge free radicals (R · ). 5 They prevent food degradation and some human diseases like arthritis, artherosclerosis, 6 several types of cancer, coronary heart disease, 7 and provide protection against inflam- mation. 8, 9 The main structural feature responsible for the antioxidant reactivity of phenolic compounds is the hydroxyl group. This group is able to donate hydrogen atoms to a free radical, stopping the propagation chain during the oxidation process, and thereby inhibiting or slowing down the whole oxidation process. Peroxyl radicals (ROO · ) are the most common chain carrying radicals. Typically, the hydrogen transferred from a phenolic compound to the peroxyl radical forms a hydroperoxide (ROOH), and a much less reactive radical (ArO · ) derived from the antioxidant. It is also well known that the presence of a second hydroxyl group at the ortho-position can increase the rate at which hydrogen is transferred to peroxyl radicals. 10 In addition, the alkyl chain that connects the phenolic ring and the carboxylic or alcohol group that contains some phenolic compounds may be important to stabilize the phenoxy radical formed (ArO · ).
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The last two decades have seen a vibrant proliferation of multiple assays to measure phenolic antioxidant reactivity in the field of Food Chemistry. Among others, it is imperative to acknowledge the following spectroscopic techniques: electron spin resonance (ESR), 12, 13 stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH · ), [12] [13] [14] [15] 2,2'-azino-di[3-ethylbenzthiazoline sulfonate] radical cation (ABTS+), 16 oxygen radical absorption capacity (ORAC), 17 β-carotene-linoleate model system 14 and ferric reducing antioxidant capacity (FRAP). 17 The DPPH · radical assay can be considered the prevailing method to study antioxidant reactivity of phenols. This versatile and practical assay is mainly due to following factors: 1) monomeric behavior in solution, 2) stability in aerobic conditions, 3) commercial availability, 4) intense initial color in solution and 5) strong color change after hydrogen scavenging. Besides, the reaction between phenols (ArOH) and DPPH · (reaction 1) or phenols and peroxyl radicals (ROO · , reaction 2) can be considered as equivalents.
Nevertheless, some minor disadvantages need to be considered, among others: 1) the long period of time until the reaction is completed (typically in the range of 15 to 30 min), 2) the presence of spectral interferences, 18 and 3) the concomitant limitations of the use of conventional spectrophotometers.
In order to complement the blanket approach on the study of phenols antioxidant reactivity offered by the DPPH · assay and to avoid the mentioned limitations of the spectrophotometric methods, a methodology based on fluorescence quenching was applied. To this end, the fluorescence probe, n,π* singlet-excited state of 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) was chosen. This specific fluorescence probe has shown great efficiency on the study of antioxidant reactivity of phenols. [19] [20] [21] [22] [23] It is important to emphasize that fluorescence quenching can be resolved with high sensitivity towards the mechanism and action of antioxidants. Additionally, it is highly selective, easy to apply and less time consuming than the DPPH · assay. Comparing both probes, the steric effect present in the DPPH · assay is absent in the DBO assay, because the groups around the reactive site of DBO (N · ) are much less bulky than those of DPPH · (N · ). 24 Hence, the coupled use of DPPH · and DBO assays is shown in the present study as a routine, robust and comprehensive analytical method to study antioxidant reactivity of phenols. By means of this combined methodology, the antioxidant reactivity of 15 selected phenols (typically present in olive oil and wine) is explored as well as the close relationship between molecular structure of each phenol and its antioxidant response.
Experimental

Materials
The 15 selected phenolic compounds for this study are shown in Fig. 1 .
Commercially available compounds were used as received. Gallic acid (99%), protocatechuic acid (97%), sinapic acid (98%), and syringic acid (98%) were purchased from Aldrich (Darmstadt, Germany). Vanillic acid (97%), tyrosol (97%), p-hydroxyphenylacetic acid (100%), caffeic acid (98%), ferulic acid (99%), cinnamic acid (99%), p-hydroxybenzoic acid Figure 1 . Phenolic compounds structures.
(99%), p-coumaric acid (98%) and o-coumaric acid (97%) were purchased from Fluka (Darmstadt, Germany). Oleuropein (99%) was acquired from Extrasynthèse . Hydroxytyrosol was synthesized at the Organic and Pharmaceutic Chemistry Department, Faculty of Pharmacy (Seville, Spain) according following a literature procedure. 25 DPPH · (2,2-diphenyl-1-picrylhydrazyl, 99%) was purchased from Fluka (Darmstadt, Germany) whereas DBO fluorophore was synthesized at the Jacobs University of Bremen (Germany), according to the procedure proposed by Askani. 26 Methanol was of spectrophotometric grade (99.9%, Panreac , Barcelona, Spain). The ultrapure water was obtained from an in-house Milli-Q Type I purification system (18.2 M · cm and TOC < 10ppb).
An UV-Vis spectrophotometer (Termo Spectronic Helios-γ v4.60, Cambridge, UK) was used for DPPH · assay. A Cary Eclipse spectrofluorimeter from Varian (Santa Clara, United States) was used for the DBO fluorescence quenching studies. All measurements were performed at ambient temperature and in aerated solutions.
The results of the DPPH · assay were processed using JMP statistical software by means of a Principal Component Analysis (PCA), a multivariate statistical technique that allows a large set of data to be simplified and reduced into a smaller number of orthogonal factors (with magnitude and accuracy) to facilitate interpretation by visualizing the correlations that exist between the original variables. 27 
DPPH radical scavenging assay
The DPPH radical scavenging capacity of each phenolic compound was determined according to well-established and widespread method. [28] [29] [30] The DPPH radical exhibits an absorption maximum at 515 nm that progressively disappears if the DPPH is reduced by an antioxidant compound. The DPPH · assay is typically performed by dissolving both the DPPH radical and the antioxidant compounds in pure methanol or ethanol. 30 Additionally, the present study explores the alternative use of water/methanol solvent to facilitate a comparison between the results obtained by the DPPH · assay and by some recent HPLC-DAD and UHPLC-ESI-MS/MS based methodologies. 31, 32 A fresh DPPH · solution in pure methanol (0.06 mM) was prepared daily during the study, whereas the different antioxidants (0.5 mM), dissolved in pure methanol and in a water/methanol mixture (v/v, 76/24), were generated weekly. The absorbance was measured using a quartz cuvette (1 cm optical path length). Methanol was used as a blank reference. 1 mL of antioxidant stock solution was added to 2 mL of DPPH · solution and the absorbance at 515 nm was monitored each second until it reached a steady state (90min) at 20 • C, using a UV-Vis spectrophotometer.
Previous studies have shown the need to correct the intrinsic DPPH · bleaching (in the absence of any phenolic compound) if the reaction is monitored for a long period of time. 33 The use of a bleaching correction factor is essential to avoid a possible overestimation of the antioxidant reactivity. This bleaching effect was cautiously controlled during the present study and it was observed to be negligible for the duration time of the experiments (90 minutes). However, two additional correction factors were applied. Firstly, the addition of the phenolic compound dissolved in 1 mL of methanol or water/methanol mixture (v/v, 76/24) dilutes the 2 mL of original DPPH · solution, subsequently decreasing the initial color of the DPPH · radical. To overcome this dilution effect, the following correction was applied:
where, A c t0 is the corrected initial DPPH · absorbance (time = 0), A t0 is the initial DPPH · absorbance (without antioxidant compound and t = 0) and 0.666 ± 0.005 is the dilution factor applied. This factor is the mean and standard deviation after measuring the dilution factor ten times (n = 10) in a blank solution which perfectly matched the expected linear response of a 1:2 stoichiometry.
Secondly, the complete reduction of the DPPH · radical (induced by the antioxidants compounds) does not lead to a colorless and transparent solution. Instead, a soft yellowish final color appears when the DPPH · scavenging capacity is exhausted. This "residual color" induces an underestimation of the phenols antioxidant reactivity. A residual color factor in the range of 0.043 to 0.046 was estimated using the results of the present study ( Figure S1 ) and the following correction of the results was proposed:
where, A c t is the corrected absorbance of the DPPH · after antioxidant addition at time t, A t is the absorbance of the DPPH · after antioxidant addition at time t, and 0.045 ± 0.002 is the mean and standard deviation of the residual color (n = 16).
The remaining DPPH in percentage was calculated using the following equation:
where, A c t0 is the corrected absorbance of DPPH · at 0 min and A c t is the corrected absorbance at each time interval. This equation was selected as the most appropriate one to calculate the remaining DPPH in percentage taking into consideration the previous corrections shown in eqs. 1 and 2. With the purpose to ensure the reliability of this methodology, these analyses were carried out in triplicate.
DBO fluorescence quenching
This assay is routinely performed dissolving the DBO fluorophore in pure water. 23 However, following the reasoning exposed for the DPPH assay, it was also decided to investigate the feasibility of an alternative water/methanol solvent (v/v, 76/24). It is important to remark that the solubility of phenols in pure water is poor (8 of the 15 phenols studied are insoluble in pure water), whereas their solubility increased when a water/methanol solvent (v/v, 76/24) was used (only 4 of the 15 phenols of this study remained insoluble). The DBO concentration was matched to an absorbance of 0.05 at 364 nm (λ max ). In order to obtain the quenching for each antioxidant, 50 μL aliquots of antioxidant stock solutions (0.04 M) were added to 3 mL of DBO solution. The fluorescence spectrum was measured at an excitation wavelength of 364 nm. The fluorescence quenching was monitored at the maximum of the DBO emission band (420 nm in water and 417 nm in water/methanol mixture (v/v, 76/24)). The data were plotted according to the Stern-Volmer equation:
Where, I 0 is the DBO intensity in the absence of antioxidant, I is the intensity in the presence of antioxidant, k q (M −1 s −1 ) is the quenching rate constant, τ 0 is the DBO lifetime in the absence of antioxidant, and [ArOH] is the antioxidant concentration.
The slope divided by the lifetime τ 0 (in the absence of antioxidant quencher) afforded the bimolecular quenching rate constant (k q ). As lifetime τ 0 we used 325 ns for aerated water 34 and 75.3 ns (measured by time-correlated-single photon-counting with an apparatus from Edinburgh Instruments) for the water/methanol mixture (v/v, 76/24).
Results and Discussion
Radical scavenging reactivity
The possibility of using a water/methanol mixture (v/v, 76/24) to dissolve the DPPH · radical was ruled out after several trials where the final solution was unstable and showed signs of incomplete DPPH · dissolution. Therefore, it was decided to work always with DPPH The initial violet color (λ = 515 nm) is bleached due to the consumption of the DPPH · , with the formation of colored products (derived from ArO · ), less strongly absorbing than DPPH. It should be emphasized that the 'grow-in' of ArO · -derived products will not influence the measured kinetics of the ArOH + DPPH · reaction; i.e., there is no actual "interference". 35 For the sake of simplicity and because of the similar response observed for the other studied phenols, it was decided to use gallic acid as a representative example of the general phenolic behavior. Figure 2b shows a comparison between the time evolution of the remaining DPPH · (%) for the antioxidant (gallic acid) dissolved in pure methanol or in a water/methanol mixture (v/v, 76/24). As can be observed, the two DPPH · consumption curves (using water/methanol mixture (v/v, 76/24) or pure methanol used to dissolve the phenolic compound) show great resemblance. However, a slightly faster reaction is noted if water/methanol solvent is used (Figure 2a ). This kinetic behavior was consistently observed for all the phenolic compounds of this study, except for p-coumaric acid and p-hydroxyphenylacetic acid (data not shown). These observations support the Figure 3b shows the structure of DBO.
use of either a pure methanol or water/methanol solvent to dissolve the phenolic compounds to be studied in a DPPH · assay. For the sake of clarity and for an optimal comparison with other analytical techniques studying phenols, 31 ,32 the discussion of the results of DPPH · assay will be limited to the water/methanol solvent (v/v, 76/24).
Fluorescence quenching of DBO
Upon excitation at 364 nm, the typical fluorescence spectrum of DBO shows a maximum at 420 nm in water ( Figure 3a) and at 417 nm in water/methanol (Figure 3b) . If an antioxidant (e.g., p-coumaric acid) is added, at increasing concentrations, a progressive decrease of the fluorescence intensity occurs (Figure 3) .
Using the same initial concentration of DBO in both assays, the water/methanol mixture led to a lower fluorescence intensity of the fluorophore alone than observed for water as solvent. Notwithstanding, the fluorescence quenching assay using pure water solvent (Figure 3a) is more pronounced than the one using water/methanol solvent (Figure 3b ). The amount of quenching, (quantified by experimental fluorescence intensity in the absence (I 0 ) and presence (I ) of antioxidants), should be proportional to the concentration of the antioxidant and its reaction rate (k q ) according to the Stern-Volmer expression. Accordingly, a plot of I 0 /I versus [ArOH] should yield a straight line with a slope equal to k q τ 0 . Such a plot, known as a Stern-Volmer plot, was generated for each phenol in the present study, and obtained linear correlations for all of them (values of r 2 > 0.997). The illustrative case of four representative phenols ( p-coumaric acid, protocatechuic acid, tyrosol, and p-hydroxyphenylacetic acid) are included in the Supplementary Information (Figure S2 ).
The quantum yield for reaction of DBO was previously defined by Nau in 1998 using ascorbic acid like antioxidant in aerated phosphate-buffer (pH = 7). It was determined under conditions of quantitative (≥ 95%) quenching of singlet-excited DBO. For this purpose, DBO solutions (ca. 12 mM) with an absorbance of ca. 0.6 at the excitation wavelength of 351 nm were prepared, and ascorbic acid (30-40 mM) was added. Solutions of DBO in aerated water served as reference [quantum yield of decomposition ( r) ≈ 1%, 364 
The bimolecular quenching rate constants k q (M −1 s −1 ) for singlet-excited DBO dissolved in water and in water/methanol was calculated (using eq. 4) for each phenolic compound (Table S1 in Supplementary Information). The k q values obtained for the samples dissolved in water/methanol are within the same order of magnitude (10 9 M −1 s −1 ), although slightly higher than the values of the same phenols dissolved in pure water. However, from a realistic and practical perspective (and because of the errors affecting the calculations of the k q values) the aforementioned differences can be considered negligible. Taking into account these observations and to facilitate the comparison with the DPPH · assay results, the discussion of the DBO assay results will be limited as well to the water/methanol solvent (v/v, 76/24).
Temporal evolution of antioxidant reactivity of phenols
To obtain a general understanding of the different interactions between the 15 phenols covered in this study and the DPPH · free radical, and to know how these interactions evolve through time (from 0 to 90 min), it was decided to submit the results of the DPPH radical scavenging assay to a PCA statistical multivariate analysis. As can be observed in Figure 4a , 89.1% of the original variance in the dataset can be explained using just 2 components (C1 60% and C2 29.1%).
The loadings for almost every variable in C1 are consistently higher than 0.7 (Table S2 in Supplementary Information) whereas the loadings obtained for C2 span a broad range (from −0.66 to 0.72). As expected, the most influential component (C1) can be attributed to the global decrease shown by the DPPH · free radical after reaction with every single phenol. This behavior is also visually and numerically offered in Figure 4b and Table 1 .
The interpretation of second component, although not as straight forward as the first one, has important information about the time dependent interaction between DPPH · and phenols. At a first glance, it can be observed (Figure 4a ) how phenols are progressively distributed between two extreme C2 loadings (−0.68 and 0.61). All the phenols have in common induced an abrupt decrease (with different absolute values) in the DPPH · concentration during the first second of interaction (Table 1 and Figure S2 ). However, each phenol has a particular residual signature after the starting period that can be fairly attributed to the variations in C2. For the sake of clarity, the following discussion will be focused on 4 representative compounds (Figure 4b) , namely: phydroxybenzoic acid (3), gallic acid (7), ferulic acid (10) and o-coumaric acid (15) . The almost symmetrical position shown between o-coumaric (one of the boundary compounds in the C2 influence region) and time (Figure 4a) , and the high inverse correlation coefficients observed between them (−0.978, Table S3 in Supplementary Information) can be explained by the constant decrease exhibited by the DPPH · along the 90 minutes of the experiment (Figure 4b, line 15) . On the other hand, the reaction between p-hydroxybenzoic acid and DPPH · is completely stopped after the first second of interaction, generating a steady residual signature with no slope (Figure 4b ). The almost null correlation coefficient between time and p-hydroxybenzoic acid (−0.061, Table S3 in Supplementary Information) also supports the time independent behavior of this residual signature. The evolution with time of the interactions between DPPH · and gallic (7) and ferulic (10) acids are shown in Figure 4b to exemplify two intermediate behaviors within the C2 influence region.
The use of a single measurement at a defined time (e.g., after 30 min or 1 h of interaction between the DPPH · radical and the antioxidant) is a common practice in the food industry to assess the antioxidant capacity of a specific sample or phenol. 30, 36 However, the results of the present study clearly show the diversity and complexity of the DPPH scavenging process and how critical it is to characterize the kinetics of the reactions involved. The previous generation of quantitative and qualitative information (i.e., Table 1 and Figure 4 ) about the kinetics of DPPH · scavenging (or phenol antioxidant reactivity) is crucial to design an exhaustive but at the same time efficient DPPH · assay. More importantly, this knowledge provides important information about the selection of a specific phenolic compound as an antioxidant additive in food, pharmaceutical or cosmetic industries.
Connections between antioxidant reactivity of phenols and molecular structure
The previous section, while offering an idea of the diverse kinetic pathways shown by a selected group of phenolic compounds, naturally opens the discussion to investigate how the molecular structure of a phenol is related to its specific antioxidant reactivity. To tackle this question, the information obtained from the DPPH · assay will be complemented with the results from the DBO assay.
It is well known that both the presence of a primary alcohol in the phenolic ring and the increment in the number of phenolic hydroxy radicals (-OH groups) increase antioxidant capacity of phenols. 37, 38 The presence of such specific structural features can be attributed to the different antioxidant reactivity observed for gallic, protocatechuic and p-hydroxybenzoic acids, which have in common the presence of a primary alcohol in the phenolic group but differ in the amount hydroxyl radicals (Figure 1 ) the lowest one. Thus, the differences in the antioxidant reactivity of these three phenols can be attributed to the presence of three, two and one hydroxyl radicals in the structure of gallic acid, protocatechuic acid and p-hydroxybenzoic acid, respectively.
Another structural feature that may control the antioxidant reactivity of phenolic compounds is the presence of methoxy groups, because they are electron-donating groups that help stabilizing the produced phenoxy radicals (reaction 1). In this regard, caffeic and sinapic acids (incorporating two hydroxyl groups and one hydroxyl plus two methoxy groups, respectively) showed an almost equal and instant antioxidant reaction with DPPH · (Table 1 ). This observation suggests that the electronic effects of one hydroxyl group and two methoxy groups are comparable. This feature has also been observed for protocatechuic acid and syringic acids, with two hydroxyl groups and one hydroxyl plus two methoxy groups, respectively. In accordance with this reasoning, the antioxidant reactivity of ferulic acid is lower than that of caffeic acid and sinapic acid because the former contains only one hydroxyl and one methoxy group (Table 1 and Figure S3 in Supporting Information).
A similar process (well-stabilized phenoxy radicals as a consequence of an increase in the electron-donating activity) may be attributed to the presence of an alkyl chain. 39 This structural feature (as well as the common presence of only one hydroxyl group) can be responsible of the low antioxidant reactivity showed by p-coumaric, p-hydroxyphenylacetic and p-hydroxybenzoic acids.
According to the literature report, a hydroxyl group in an ortho position induces higher antioxidant reactivity. 10 In this regard, when the k q values of o-coumaric and p-coumaric acids are compared (Table 1) , it can be seen how o-coumaric acid induces a higher antioxidant reactivity (7.
. Additionally, it is well-known that the presence of an alkenyl chain stabilizes the formed phenoxy radicals. 11, 37 In accordance with that, caffeic (R 2 , R 3 = OH), ferulic (R 2 = CH 3 O; R 3 = OH) and sinapic (R 2, R 4 = CH 3 O; R 3 = OH) acids showed the expected lower values of remaining DPPH · when compared to protocatechuic (R 2 , R 3 = OH), vanillic (R 3 = CH 3 O; R 2 = OH) and syringic (R 1, R 3 = CH 3 O; R 2 = OH) acids, respectively. k q values of Caffeic, ferulic and sinapic acids were not obtained because these phenols were insoluble in water/methanol mixture.
Both approaches showed a clear correspondence between the structure and the antioxidant reactivity of each of the studied phenolic compounds. This interesting resemblance supports the use of the more novel DBO method as a complementary method to measure the antioxidant reactivity of phenolic compounds.
Conclusions
Two methodologies (fluorescence probe, n,π* singlet excited state of 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) and the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH · )) were tested in order to determine the antioxidant reactivity of the most typical phenolic compounds present in virgin olive oil. The study showed that both methodologies work well by providing valuable information about the antioxidant reactivity of the compound. By knowing the role played by specific structural features in the antioxidant reactivity of phenols, new compounds could be designed with desired antioxidant reactivity or some other compounds could be functionalized for a required task. The information provided in this study, as well as in the many studies on the antioxidant reactivity vs molecular structure of phenols, will help to build the foundations of food, pharmaceutical and cosmetic products functionalized with antioxidants properties.
Supplementary Information (SI)
All additional information pertaining to final absorbance of DPPH obtained for each phenolic compound in methanol and in water/methanol mixture (v/v,76/24) ( Figure S1 ), kinetic Stern-Volmer plots ( Figure S2 ), remaining DPPH (%) achieved when 1 mL of each phenolic compound dissolved in water/methanol (v/v, 76/24) mixture was added to 2 mL of DPPH dissolved in methanol ( Figure S3 ), bimolecular rate constant for DBO fluorescence quenching (k q ) obtained for the studied phenolic compounds (Table S1 ), loadings matrix for the 2 components combining the 16 variables studied (Table S2 ) and Spearman correlation matrix of the 16 variables analyzed (Table S3 ) are given in the Supporting Information available at www.ias.ac.in/chemsci.
